ABSTRACT In this paper, a nonlinear parallel control algorithm is developed for an electro-hydraulic actuator to achieve high velocity tracking performance and reduce energy consumption. The parallel control system consists of a servo valve and a variable displacement pump. A separate strategy is employed for practical use. The variable displacement pump is considered as feedforward according to velocity commands and leakage; while the servo valve is used to improve the dynamics and accuracy of the closed loop system. Two disturbance observers are employed to deal with the uncertainties and disturbance in the control process. A radial basis function neural network (RBFNN)-based extended disturbance observer is proposed to compensate for the unknown parameters and disturbance in the velocity control loop. To attenuate the influence of model uncertainties and disturbance in the pressure control loop, a nonlinear disturbance observer is adopted. The stability of the whole system is proved through the Lyapunov theory. The comparative experiments are conducted to verify the effectiveness of the proposed nonlinear parallel controller. The results demonstrate that the proposed algorithm can improve the velocity tracking performance for a valve-pump parallel controlled electro-hydraulic actuator under uncertainties and disturbance.
I. INTRODUCTION
Electro-hydraulic actuators have been widely used in industries and construction vehicles, e.g., robot manipulators [1] , [2] , tunnel boring machines [3] , [4] , because of the high power-to-size ratio. Hydraulic systems can be generally classified as valve-controlled and pump-controlled systems [5] . Valve-controlled systems display good dynamics and accuracy performance but poor energy efficiency. Meanwhile, pump-controlled systems possess an opposite characteristic [6] , [7] . In order to keep a balance between control performance and energy consumption, valve-controlled and pump-controlled systems are combined together as valve-pump parallel controlled systems.
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It is a great challenge to obtain high control performance in electro-hydraulic systems, due to the inherent strong parametric uncertainties, model uncertainties and disturbance. Model compensation based control is one of the most feasible approaches, which requires an accurate model to capture the system's nonlinearities and uncertainties. Adaptive control can improve control systems' dynamic performance and static precision through online approximation and compensation. Many adaptive control strategies have been applied on hydraulic systems, such as feedback linearization adaptive control [8] , adaptive sliding mode control [9] , adaptive robust control [10] , [11] , adaptive fuzzy control [12] - [14] , neural network based adaptive control [15] , [16] , and so on. Among these approximators, neural networks can reconstruct complicated nonlinear systems effectively because of its universal approximation property [17] . An adaptive neural network control designed for variable stiffness actuators of robots was proposed in [18] , in which a disturbance observer was also employed to compensate the approximation errors and external disturbance. A neural network based composite learning for friction in robotic manipulators was developed [19] . Interval-excitation condition was adopted instead of persistent-excitation condition to make the practical implementation more realizable.
Disturbance observer [20] - [22] is another method to cancel disturbance and unmodeled dynamics in the control system. Because disturbance is always difficult to measure, disturbance observer can be employed to attenuate the disturbance and obtain accurate tracking performance. A friction observer [23] was designed to estimate friction and improve the position tracking performance. A general nonlinear disturbance observer technique [24] was presented to attenuate disturbance generated by an exogenous system. In addition, extended state observer [25] - [27] was also proposed to estimate the external disturbance. An extended disturbance observer [28] - [30] was used to generate state estimation errors to improve the parameter adaption performance together with control errors. Many proposed control algorithms [28] , [31] , [32] about electro-hydraulic systems only take the uncertainties and disturbance in the motion control loop into consideration, but ignore the ones in the pressure control loop. Therefore, a nonlinear disturbance observer (NDO) mentioned in [24] is employed in the pressure control loop. The disturbance observer is separated from the controller design, which improves the dynamics of the closed loop system.
In practice, electro-hydraulic actuators are always engaged in repetitive works. An average load can be measured for controller design, which also could be reconstructed through neural networks. However, uncertainties and disturbance in each wok cycle hinders achieving high control performance. This could be solved by neural network based adaptive control, which estimates the uncertainties online together with an offline average load reconstruction.
It is important to design a proper scheme to keep the advantages of both valves and pumps in parallel control systems. A simple separate control strategy is adopted in this paper for reliable practical use. The variable displacement pump is considered as feedforward according to velocity commands and leakage; while the servo valve is used to improve the dynamics and accuracy of the closed loop system. Besides, a RBFNN based extended disturbance observer (RBFNNEDO) is proposed to reconstruct the average load and compensate the unknown parameters and disturbance in the velocity control loop. A nonlinear disturbance observer is adopted to attenuate the influence of model uncertainties and disturbance in the pressure control loop.
This paper is organized as follow. Firstly, a detailed nonlinear mathematical model of the electro-hydraulic actuator is derived. Secondly, a state observer is given to generate a state estimation error, which can be integrated into RBFNNEDO later. Next, a nonlinear velocity controller based on RBFNNEDO, NDO and backstepping is designed.
In addition, the stability of the overall control system is proved through Lyapunov theory. Finally, comparative experiments are conducted to verify the effectiveness of the proposed controller.
II. SYSTEM MODELING
The schematic diagram of the electro-hydraulic system under study is illustrated in Fig. 1 . The drive cylinder is controlled by a servo valve and a variable displacement pump. The load cylinder is controlled by a servo valve. The goal is to make the mass load track the desired velocity trajectory as closely as possible. As shown in Fig. 1 , the drive cylinder, the load cylinder and the mass load are fixed together, which can be treated as a lumped mass load m. The dynamics of the lumped mass load can be described as
where x p is the position of the load mass, P 1 is the pressure of the drive cylinder forward chamber, A 1 is the corresponding ram area, g is the gravitational acceleration,
) is the modeled Coulomb friction force and d 0 is the lumped load force including load force generated by the load cylinder, system's uncertain nonlinearities due to external disturbance, unmodeled friction forces, and other hard to model terms, b 1 is the damping coefficient, b 2 and η are the coefficients of modeled Coulomb friction. Pressure dynamics in the drive cylinder chamber can be written aṡ
where V 0 is the initial control volume of the drive cylinder chamber, β e is the effective hydraulic fluid bulk modulus, C t is the coefficient of the total internal leakage of the system, including the drive cylinder and the variable displacement pump, Q is the supply flow rate to the forward chamber, d 1 is the model uncertainties and disturbance. The control flow of the drive cylinder chamber Q is consisted of two parts, that is
where Q 1 is the flow rate from the servo valve, and Q 2 is the flow rate from the variable displacement pump. Flow rates Q 1 and Q 2 can be described as
where K q is the flow gain coefficient of the servo valve, x v is the spool position of the servo valve, P s is the supply pressure, and P t is the tank pressure. K p is the flow gain coefficient of the variable displacement pump, α is the swashplate angle. And s g (•) is defined as
The dynamics of the servo valve can be neglected, because the dynamics of the desired velocity trajectory is significantly slower than the dynamics of of the high response servo valve. Therefore, it is assumed that the control voltage applied to the servo valve is proportional to the spool position, as
where K x is a positive constant and u 1 is the control input voltage of the servo valve. For simplicity, define
However, the dynamics of the variable displacement pump is not so high, which has to be considered,
where τ α and K α is the time constant and the gain of the swashplate angle of the variable displacement pump respectively.
Combining (1) to (7) together and defining the state vari-
T , the dynamics of the electro-hydraulic actuator in state space form can be expressed aṡ
where
Before the controller design, we have the following assumption.
Assumption 1:
The desired velocity trajectoryẋ d , and its derivativeẍ d are bounded; P 1 is bounded by P s and P t , that is 0 ≤ P t < P 1 < P s .
III. CONTROLLER DESIGN A. LOAD FORCE APPROXIMATION
The load force in the considered electro-hydraulic system is generated by fluid flows through the load servo valve, which is continuous and positive correlated with the velocity of the drive cylinder. As the model uncertainties and other external disturbance are much smaller than the load force, RBFNN based approximation is developed for reconstructing d 0 in (8),
where S i (Z) for i = 1, 2, . . . , l is Gaussian function defined as
and c i is the center vector of neural net i, l is the number of hidden nodes. σ i represents the width value of Gaussian function for neural net i. W * is optimal weight vector. And is the smallest estimation error, which satisfies | | ≤ * , * is a positive constant [18] . Besides, it can be obtained that the load force is proportional to the square of drive cylinder velocity from experiments. Therefore, the input vector of RBFNN Z only needs to takeẋ 2 2 into consideration.
B. STATE OBSERVER
In this paper, a state observer is adopted to produce state estimation errors for a new adaption law. The adaption law synthesize with state estimation errors and tracking errors, which will improve the parameter adaption performance. The state observer [29] is designed based on the state x 2 although it can be measured in practice. By doing this, an addition degree of freedom is created for the controller design, besides, the actuator acceleration is no more required. The state observer is given aṡ
wherex 2p ,b 1 andb 2 are the estimations of x 2 , b 1 and b 2 ,x 2p is the estimation error of x 2 and is defined asx 2p = x 2 − x 2p , k 0 is a positive feedback constant. Similarly, estimation errors are defined asb 1 
Therefore, the dynamics ofx 2p can be obtained aṡ
whered 0 is the estimation of d 0 , which also can be expressed asd 0 =Ŵ T S(Z) +ˆ . The estimation error can be described The adaption law is chosen aṡ
where k 11 , k 12 , k 13 (i), and k 14 are positive constants. χ b 1 , χ b 2 , χ W i and χ are extra corrector terms, which will be designed later to ensure the stability of the nonlinear velocity control system. Define a following Lyapunov function
Based on (13) and (14), the time derivative of V 1 iṡ
Remark 1: The parameters b 1 , b 2 , W * and are assumed to be constant or vary slowly compared to the dynamics of adaption law. The reliability of the proposed adaption law can be verified by the experiment conducted later.
C. NONLINEAR VELOCITY CONTROLLER
The nonlinear velocity controller is designed based on a recursive backstepping procedure, which consists of a velocity tracking loop, a pressure control loop and a swashplate control loop.
Step 1: This step focuses on designing a desired output force to make the velocity tracking error as small as possible. A sliding surface s is designed as
wherex 2 = x 2 −ẋ d , and λ is a positive constant. Since makingx 2 small or converge to zero is equivalent to making s small or converge to zero, the rest of the design will focus on making s as small as possible. According to Assumption 1, differentiating (17) and noting (8) , yielding the dynamics of s,
A virtual control input x 3d for x 3 is designed
where c 1 is a positive constant.
Let z 3 = x 3 − x 3d denote the pressure tracking error, the dynamics of s becomeṡ
Define a following Lyapunov function
where k 2 is a positive constant. Considering (16) and (20), the time derivative of V 2 can be calculated aṡ
Therefore, the extra terms χ b 1 , χ b 2 , χ W i and χ can be determined,
Thus,V 2 transforms tȯ
Step 2: This step concentrates on designing the control input of servo valve and the desired swashplate angle to make the pressure control loop track the virtual control input x 3d designed in Step 1 as closely as possible. According to (8), we can geṫ
A nonlinear disturbance observer [24] is employed to estimate the model uncertainties and external disturbance in the pressure control loop, aŝ
whered 1 is the estimation of d 1 , ξ is the internal state of the nonlinear disturbance observer, and k 31 is the observer gain.
The adopted nonlinear disturbance observer should guarantee that the estimation errord 1 = d 1 −d 1 converges to zero in a finite time.
The dynamics ofd 1 can be calculated aṡ
Remark 2: d 1 is assumed to be constant or vary slowly compared to the dynamics of the nonlinear disturbance observer. The reliability can be verified by the experiment conducted later.
A simple and realizable separate control strategy is adopted for the studied electro-hydraulic system. The variable displacement pump is considered as feedforward according to velocity commands and leakage; while the servo valve is used to improve the dynamics and accuracy of the closed loop system. The desired flow rate Q d consists of two parts, which is given by
where c 2 and k 32 are positive constants. According to (4) and (28), the actual control input of the servo valve can be determined as
Remark 3: Although (29) includes u 1 on both sides, it is only in the terms s g (•). As K qx is always bigger than zero, the sign of u 1 is only determined by the value of Q 1d . Hence, the control input u 1 can be calculated.
Thus, (29) transforms to
Similarly, based on (4) and (28), the desired swashplate angle of the variable displacement pump x 4d can be determined as
Let z 4 = x 4 − x 4d denote the tracking error of the swashplate angle, the dynamics of z 3 can be expressed aṡ
Taking (24), (27) and (32) into consideration, the time derivative of V 3 is given bẏ
Step 3: This step tries to decide the actual control input of the variable displacement pump. Based on (8), the dynamics of z 4 can be expressed aṡ
Therefore, u 2 is designed as
(37)
Considering (34) and (35), the time derivative of V 4 is given bẏ
If c 2 is chosen as c 2 ≥ 1 4 , thenV 4 ≤ 0, which guarantees the stability of the closed loop control system. Fig. 2 shows the schematic diagram of the proposed dual disturbance observer based parallel velocity control (DDOPVC) strategy for an electro-hydraulic actuator.
IV. EXPERIMENTAL RESULTS
Experiments are conducted to verify the performance of the proposed control strategy. The servo valves are manufactured by Bosch (4WRREH6VB40L-1X/G24K0/B5M), whose dynamics is greater than 80Hz with a ±100% signal. The variable displacement pump is driven by an induction motor with a constant speed (1450r/min). Three pressure sensors are installed, which are all made by Bosch Rexroth (HM20-1X400-C-K35) with an accuracy of 2bar. A position sensor made by SPM is used to measure the displacement of the cylinder. The velocity is obtained through differentiating the position signal. All these signals are feedback to or output from a data acquisition card (National Instruments PCI-6259). The control algorithm is implemented in the MATLAB Simulink Realtime environment with a control rate of 1kHz. The parameters of the electro-hydraulic system used for controller design are listed in Table 1 .
Three controllers were employed and compared to validate the effectiveness of the proposed controller. The first was the VOLUME 7, 2019 FIGURE 2. Schematic diagram of the proposed control strategy. developed DDOPVC. The second was proportional-integral control only with a variable displacement pump (PIP), i.e., u 1 = 0, u 2 = −(K P1x2 + K I 1 x 2 dt). And the third was parallel control with both servo valve and variable displacement pump, of which the variable displacement pump was also controlled based on feedforward of velocity commands and leakage, the servo valve was controlled based on proportional-integral strategy (PCFPPIV), i.e.,
The control parameters of the aforementioned controllers are shown in Table 2 and Table 3 respectively. For simplicity, the values of k 13 (i) were all chosen same. To determined the values of W (0) in DDOPVC, a series of tests were conducted with Table 4 .
Firstly, a step velocity trajectory was tested when the load valve command was -1V (u L = −1V).Ŵ (0) was chosen with a same load command. The tracking performance is shown in Fig. 3 . PIP exhibits the largest tracking errors, and PCFPPIV is better than PIP. The results are consistent with dynamics performance of valves and pumps. Comparing with PIP and PCFPPIV, DDOPVC demonstrates the best tracking performance with smallest tracking errors and shortest settling time. The control inputs are shown in Fig. 4 . It can been seen that the control input of the servo valve is used to improve the dynamics and accuracy of the closed loop system, while the variable displacement pump works according to velocity commands and leakage. Because of the existence of the model uncertainties and disturbance, u 1 is bigger than 0 when the desired velocity is 50mm/s. Fig. 5 shows the  estimations of b 1 , b 2 and d 0 . The load force in Fig. 5(c) was measured by a pressure sensor, which is consistent withd 0 . However,d 0 is not so close to the load force, this is because the persistent condition [33] could not be satisfied here. But high performance velocity tracking and state observation can be still achieved through an accurate force compensation, which is a combination ofb 1 x 2 ,b 2 tanh(ηx 2 ) andd 0 . Once the control error and the state estimation error converge to zero, the estimated parameters become stable but may be not equal to their true values. Fig. 6 shows the control performance of the pressure control loop. The pressure tracking error can converge to zero with a nonlinear disturbance observer, which attenuates the influence of model uncertainties and external disturbance in the pressure control loop. To validate the robustness of DDOPVC, a step-like signal was applied on the load valve as shown in Fig. 7 .Ŵ (0) was chosen as u L = −1V. Fig. 8 shows the velocity tracking performance with a desired velocity trajectoryẋ d = 30mm/s. Comparing with PIP and PCFPPIV, DDOPVC has the best transient performance confronting with a sudden change of load valve command. The control inputs are shown in Fig. 9 . performance. The control performance of the pressure control loop is shown in Fig. 11 . Despite of sudden change of load valve command, the pressure tracking error also converges to zero.
A sinusoidal desired velocity trajectory was employed to test DDOPVC further, when the load valve command was also sinusoidal as shown in Fig. 12 .Ŵ (0) was chosen as of whichd 0 tracks the load force well. The control performance of the pressure control loop is shown in Fig. 16 . The pressure tracking error fluctuates around zero due to the acute variation of load.
V. CONCLUSION
In this paper, a nonlinear parallel control strategy is developed for an electro-hydraulic actuator to achieve high velocity tracking performance and reduce energy consumption. The electro-hydraulic actuator is driven by a servo valve and a variable displacement pump. A simple and practical separate control strategy is adopted. The variable displacement pump is considered as feedforward according to velocity commands and leakage; while the servo valve is used to improve the dynamics and accuracy of the closed loop system. Two disturbance observers are employed to deal with both parametric uncertainties and disturbance in the electro-hydraulic systems. RBFNNEDO is proposed to reconstruct the load force especially for repetitive works, and compensate the unknown parameters and disturbance in the velocity control loop. NDO is adopted to attenuate the influence of model uncertainties and disturbance in the pressure control loop. The controller is designed based on backstepping technique. The stability of the whole system is proved through Lyapunov theory. Three controllers are compared in experiments with different velocity trajectories and load commands. The results demonstrate that DDOPVC has good inner loop pressure control performance with the help of NDO. Besides, DDOPVC improves both transient and final velocity tracking performance for a valve-pump parallel controlled electro-hydraulic actuator, which can be implemented in the repetitive works later. 
